Iodine (I) is classified as a beneficial element for plants. Until now, there have been only hypotheses regarding the uptakes of organic iodine compounds by plant roots. The purpose of our research was to compare the uptakes and effects of the application of the following mineral and organic iodine compounds on young tomato plants: KI, 5-iodosalicylic (5-ISA), and 3,5-diiodosalicylic (3,5-diISA) acids. An additional control combination included the treatment with salicylic acid (SA) alone. All compounds were introduced into the nutrient solution in 5, 10, 25, and 50 μM I concentrations. It was established that after the application of 5-ISA and 3,5-diISA, iodine is taken up to a smaller extent than from KI. The tested KI, 3,5-diISA, and 5-ISA doses had no negative impact on the growth and development of plants, apart from the reduction of shoot biomass after the application of 3,5-diISA in 10 and 25 µM I doses. All applied compounds, except for SA, caused a reduction of ascorbic acid (AA) content and increase of dehydroascorbic acid (DHA) content in leaves. A significant increase of APX activity was noted only for the highest doses of KI and 5-ISA. None of the iodine compounds, in most tested doses, have substantially increased the CAT and POX activities in tomato leaves. Application of KI decreased the levels of all analyzed sugars in tomato leaves. The effect of iodosalicylates on sugar content varied depending on the compound: when applied in the highest dose 5-ISA increased, while 3,5-diISA decreased the sugar accumulation in tomato plants. In all tested treatments, a reduction of SA content in leaves was noted. We conclude that organic iodine compounds, i.e., 3,5-diISA and 5-ISA, can be taken up by the roots of tomato plants at an early stage of development.
Introduction
Iodine is not classified among necessary plant nutrients. However, there are numerous references to its positive effects on the growth and development of plants; therefore, it belongs to the group of 'beneficial elements for plants' (Medrano-Macías et al. 2016a; Gonzali et al. 2017) . In water plants, this element plays a critical role in antioxidant metabolism (Medrano-Macías et al. 2016a ). According to some authors, iodides are also among the most effective antioxidants that may react with radical oxygen species (ROS) (Venturi 2011) . Iodine oxidation process has been of interest to scientists since the early 1920s, which also led to classifying this element among bioactive particles (Bray and Caulkins 1921) .
Numerous research papers on the introduction of exogenous iodine in plants have confirmed its positive effect on the antioxidant capacity in a plant (Blasco et al. 2008 (Blasco et al. , 2011a Medrano-Macías et al. 2016b ). Among other things, the application of inorganic iodine in the form of I − and IO 3 − compounds in lettuce plants causes an increase of the content of phenolic compounds, ascorbic acid (Blasco et al. 2008) , glutathione, as well as catalase activity, whereas the IO 3 − form also improves the activity of superoxide dismutase (SOD) and ascorbate peroxidase (APX) (Blasco et al. 2011a ). The research conducted by Gupta et al. (2015) on Glycine max L. has also indicated increased activities of antioxidant enzymes such as superoxide dismutase, ascorbate peroxidase, and glutathione reductase after the application of IO 3 − in 20, 40, and 80 μM concentrations. The correlation was also found between ROS production and iodine accumulation in plants: a higher level of ROS production leads to iodine volatilization, whereas low ROS concentration causes accumulation of this element in a plant for its later use under stress conditions (Küpper et al. 2008) .
Salicylic acid (SA), is a plant growth regulator involved in various metabolic and physiological processes (Hayat et al. 2010) . SA plays a crucial role in activating the antioxidant system under stress conditions. (Li et al. 2014; Janda and Ruelland 2015) .
Application of exogenous SA modifies the activity of antioxidant enzymes, such as APX, POX, SOD, or CAT, in treated plants, and the obtained effect varies depending, among others, on the plant species (Krantev et al. 2008; Yusuf et al. 2008) . Exogenous SA also participates in the activation of the ascorbate-glutathione cycle and increases the accumulation of glutathione (Nazar et al. 2015) .
The organic iodine compounds chosen for the research [3,5-diiodosalicylic acid (abbreviation: 3,5-diISA) and 5-iodosalicylic acid (abbreviation: 5-ISA)] are derivatives of SA. Little is known as to whether iodosalicylates exert regulatory effect on crop plants similar to SA. The impacts of 3,5-diISA and 5-ISA on the antioxidant capacity of crop plants also have not yet been thoroughly studied.
This research aimed to compare the effects of KI and organoiodine compounds such as 5-ISA and 3,5-diISA on the growth, development, and antioxidant capacity of young tomato plants. The secondary purpose of the research was also to determine the iodine uptake and distribution in young tomato plants as affected by the dose of tested iodine compounds.
Materials and Methods

Plant Material and Treatments
The experiment with young tomato plants (Solanum lycopersicum L.) 'Kmicic' was conducted in a growth chamber. Tomato seeds were sown into pots filled with peat substrate and watered for 1 week. Next, tomato seedlings (four to each pot) were transferred to pots (10 mm diameter and volume 0.5 dm 3 ). At the two-leaf stage, plants were watered with ½ Hoagland solution (nutrient solution No. 2-Hoagland and Arnon 1950) containing (ppm): N 210; K 235; Ca 200; P 31; S 64; Mg 48; B 0.5; Fe 1; Mn 0.5; Zn 0.05; Cu 0.02; Mo 0.01. After the formation of 3-4 true leaves, the plants were divided into research objects, and the introduction of tested compounds was started: (1) control (only Hoagland solution); (2) control + ethanol (Hoagland solution with 0.5 ml/L of ethanol); (3) salicylic acid (SA) (concentration: 5 μM, 10 μM, 25 μM, 50 μM per 1 L of Hoagland solution); (4) potassium iodide (KI) (concentration: 5 μM I, 10 μM I, 25 μM I, 50 μM I per 1 L of Hoagland solution); (5) 5-iodosalicylic acid (5-ISA) (concentration: 5 μM I, 10 μM I, 25 μM I, 50 μM I per 1 L of Hoagland solution); and (6) 3,5-diiodosalicylic acid (3,5-diISA) (concentration: 5 μM I, 10 μM I, 25 μM I, 50 μM I per 1 L of Hoagland solution). Ethanol in an amount of 0.5 ml/L of Hoagland solution was added to all treatments except for control plants (treatments No. 1), because SA, 3,5-diISA and 5-ISA were diluted in 0.5 mL of ethanol before introducing to the Hoagland solution. The total number of applications of tested compounds was five, and the plants were treated every other day alternately with ½ Hoagland solution without iodine compounds. The first application of the examined compounds took place 3 days after transplanting plants to pots. The last application of these compounds took place on the 12th day of plant cultivation in pots. The young tomato plants were harvested the next day after the last treatment with tested compounds.
Each treatment consisted of four replicates (pots per replication) with four plants per one replicate (4 plants per one pot)-with a total of 16 plants for each treatment. The total number of plants in the experiment was 288. The plants 1 3 were lightened using a 600-W high-pressure sodium lamp throughout cultivation. The photoperiod was 10 h of light and 14 h of darkness. The air temperature was 25 °C during the day and 20 °C at night. The experiment was repeated twice.
Plant Analysis
The weights of the leaves, stems, and roots of young tomato plants during the harvesting were determined. The iodine content was determined in dry plant samples, and the antioxidant capacity of plants was assessed in fresh material immediately after harvesting.
Plant Analysis in Dried Samples
Iodine Content Analysis
Fresh leaves, stems, and roots of tomato plants were dried at 50 °C in a laboratory dryer under forced air circulation and ground in variable speed rotor mill Pulverisette 14, FRITSCH using 0.5 mm sieve.
The iodine content in tomato plants was determined according to the following procedure: 0.5 g of plant sample (leaves, stems or roots), 10 mL of double-distilled water, and 1 mL of 25% TMAH (tetramethylammonium hydroxide) were taken in 30 ml falcon tubes. After mixing, the samples were incubated for 3 h at 70 °C. After incubation, the samples were cooled to the temperature of approximately 20 °C, filled with double-distilled water to make up to 30 mL and mixed. The samples were then centrifuged for 15 min at 4500 rpm, 5 °C. The measurements of iodine content using ICP-OES spectrometer were conducted in the supernatant without its decanting (PN-EN 15111 2008; Smoleń et al. 2016) .
Plant Analysis in Fresh Samples
Ascorbic, Dehydroascorbic Acids, and APX Activity Assay in Leaves
The analyses described in this subsection were performed only on tomato leaves as the obtained root biomass was only sufficient to perform the analysis of iodine content.
The contents of ascorbic acid (AA) and dehydroascorbic acid (DHA) in fresh leaf samples were analyzed after the homogenization of 2 g leaves in 8 mL of 2% oxalic acid. Homogenates were centrifuged for 15 min at 4500 rpm, 5 °C. Supernatants were collected, further centrifuged for 10 min at 10,000 rpm, and analyzed using Beckman PA 800 Plus capillary electrophoresis (CE) system equipped with DAD detection. Capillaries of i.d. 50 µm, o.d. 365 µm, and total length of 50 cm (40 cm to detector) were used. The negative power supply of − 25 kV was applied (Smoleń et al. 2016) . The running buffer solution containing 30 mM NaH 2 PO 4 , 15 mM Na 2 B 4 O 7, and 0.2 mM CTAB (pH 8.80) was prepared as proposed by Zhao et al. (2011) .
The content of dehydroascorbic acid (DHA) in leaves was analyzed by Dresler and Maksymiec (2013) method after addition of 50 mM DTT (Dithiothreitol) to the supernatants after the second centrifugation. Determination of AA and DHA was performed in two independent measurements using the CE technique. The amount of DHA was calculated by subtracting the initial AA level from the total AA level obtained after DHA reduction (Dresler et al. 2013) .
Ascorbate peroxidase (APX) activity was measured according to Nakano and Asada (1981) . The enzyme extracts were prepared from 1 g of fresh leaf tissue homogenized with 100 mM phosphate buffer (pH 7.5) containing 1 mM EDTA, 1 mM ascorbic acid, and 1% PVP-40. Homogenates were centrifuged for 15 min at 4500 rpm, 5 °C. Supernatants were collected, and further centrifuged for 10 min at 10,000 rpm. Supernatants after second centrifugation were intended for further analysis.
The assay mixture for APX activity determination consisted of 50 mM phosphate buffer, 1 mM EDTA, 5 mM ascorbate, enzyme extract, and 0.1 mM H 2 O 2 as the reaction initiator. The total volume of the assay mixture was 2 mL. APX activity was estimated by the reduction in ascorbate concentration. The absorbance was read on Hitachi Spectrophotometer at 290 nm continuously for 3 min (extinction coefficient = 2.8 mM −1 cm −1 ). The enzyme specific activity was expressed as μmol of ascorbate oxidized mg protein −1 min −1 . The protein content for calculation of enzyme activity was determined according to the Lowry method with bovine serum albumin as a standard (Waterborg 2002) .
CAT and POX Activity Assay
The extracts for determination of catalase (CAT) and guaiacol peroxidase (POX) activities were prepared from 1 g of fresh leaf tissue homogenized with 100 mM phosphate buffer (pH 7.5) containing 1 mM EDTA and 1% PVP-40. Homogenates were centrifuged for 15 min at 4500 rpm, 5 °C. Supernatants were collected, further centrifuged for 10 min at 10,000 rpm. Supernatants after second centrifugation were set aside for further analysis.
Catalase (CAT) activity was assayed according to Beers and Sizer (1952) . The assay mixture was composed of 100 mM phosphate buffer (pH 7.5), 200 mM H 2 O 2 , and enzyme extract. The optical density of the solution was observed at 45 s and 60 s after the addition of enzyme extract to a cuvette (wavelength was 240 nm, extinction coefficient = 39.4 mM −1 cm −1 ). The total volume of the mixture was 3 mL. The enzyme specific activity was expressed as μmol of H 2 O 2 oxidized mg protein −1 min −1 .
Guaiacol peroxidase (POX) activity was assayed according to Reuveni et al. (1992) with modification. The assay mixture consisted of 15 mM phosphate buffer (pH 6.5), 10 mM guaiacol (o-metoxyphenol), enzyme extract, and 1 mM H 2 O 2 as a reaction initiator. The total volume of the mixture was 2 mL. The absorbance of the reaction mixture was determined at 470 nm using Hitachi Spectrophotometer (extinction coefficient = 26.6 mM −1 cm −1 ). POX activity was estimated by the increase in absorbance of guaiacol at 470 nm for 3 min and was expressed as μmol of guaiacol oxidized mg protein −1 min −1 .
The protein content for calculation of enzyme activity was determined according to the Lowry method with bovine serum albumin as a standard (Waterborg 2002) .
Determination of Soluble Sugars and Salicylic Acid Content
The contents of glucose, fructose, sucrose, and SA were determined in extracts prepared for the assessment of CAT and POX activities. For determination of sugar content, capillary electrophoresis (PA 800 Plus system with DAD detection) was used: capillary of ø 25 µm and total length of 60.5 cm (50 cm to detector) were used. The positive power supply of 30 kV was applied, and the temperature of detection was 18 °C. The running buffer solution consisted of 3.6 mM Na 2 HPO 4 and 0.2 mM β-cyclodextrin. The pH of buffer solution was set to 12.7 using 130 mM NaOH. The sum of the contents of glucose, fructose, and sucrose was presented as the total sugar content (Smoleń et al. 2016) .
In order to determine SA content, capillary electrophoresis (Capel 105 M with UV detection) was used. The applied 75 µm capillary had a total length of 30 cm (20 cm to detector). The detector was set at 205 nm. The power supply of − 25 kV was applied. The temperature of capillary was 25 °C. The running buffer solution consisted of 10 mM Tris adjusted to pH 2.78 with the addition of formic acid (Coolen et al. 1998 ).
Statistical Analysis
All data were statistically verified using ANOVA module of Statistica 12.0 PL program at the significance level p < 0.05. In the case of significant effects, homogenous mean groups were distinguished on the basis of Tukey test.
Results
Plant Biomass
The tested iodine compounds and SA did not cause any toxic effects on the growth and development of young tomato plants (Fig. 1) . The increase in the biomass of leaves was noted only after the introduction of 5-ISA in doses ranging from 5 to 25 μM I. An interesting observation is that the addition of ethanol into the nutrient solution contributed to a 27% increase of fresh weight of leaves compared to the control plants and also exceeded the values noted for treatments with 5-ISA and 3,5-diSA applications ( Fig. 2a-d) .
The lowest SA dose (5 μM) did not affect the fresh weight of leaves, stems, and roots. Application of the highest SA dose (50 μM) not only caused a decrease in the stems biomass but also increased root biomass by 11.8% compared to the control plants ( Fig. 2a ). The root growth was also significantly improved after the application of 5-ISA in 5-25 μM I doses (Fig. 2c ). The leaf, stem and root biomass of tomato plants was not modified by the application of various doses of KI ( Fig. 2b) . Introduction of 3,5-diISA in 5, 10, 25, 50 μM doses reduced stem biomass compared to control and control + ethanol plants respectively by 18.2%, 27.3%, 32.5%, and 22.1%, but slightly improved the growth of root system (Fig. 2d ). There was no negative effect of 3,5-diISA on leaf biomass.
Iodine Content in Roots, Stems and Leaves of Young Tomato Plants
Application of KI, 5-ISA, and 3,5-diISA in all tested doses increased the accumulation of iodine in tomato leaves, stems, and roots compared to control plants ( Fig. 3 -results for control plants are also presented in Table S1 ). The highest content of iodine was noted in plants treated with 50 μM I as KI (Fig. 3b ). The analysis of iodine distribution in the plants treated with KI revealed that, irrespective of the applied I dose, the greatest share of total I was found in stems. The level of iodine after KI treatment varied from 52.49 to 548.76 mg I kg −1 d.w. in leaves; from 127.91 to 1023.90 mg I kg −1 d.w. in stems; and from 54.20 to 449.16 mg I kg −1 d.w. in roots. For each tested dose, the levels of I accumulation in leaves and stems of KI-treated plants substantially exceeded the values noted for 5-ISA and 3,5-diISA ( Fig. 3b-d ). Interestingly, in plants from the combination with the highest dose of 5-ISA (50 μM I), the content of I in the roots was higher than that in plants treated with KI in respective I dose. For 5-25 μM I doses, the differences between KI and 5-ISA regarding I accumulation in tomato roots were rather negligible. However, in all the applied doses, I content in roots treated with 3,5-diISA was lower than that in respective KI combinations.
After the applications of 5-ISA and 3,5-diISA, the greatest share of iodine was found in the roots and its content ranged from 54.06 mg I kg −1 d.w (for 5 μM I) to 600.75 mg I kg −1 d.w (for 50 μM I) after 5-ISA treatment (Fig. 3c) , and from 73.27 mg I kg −1 d.w (for 5 μM I) to 204.84 mg I kg −1 d.w (for 50 μM I) after 3,5-diISA treatment (Fig. 3d ). The I contents in the leaves of plants treated with the same doses of 5-ISA and 3,5-diISA did not vary significantly. However, the application of 5-ISA increased I accumulation in shoots in relation to 3,5-diISA by 17.0%, 390.0%, 267.8%, and 213.1%, respectively, for 5, 10, 25, and 50 μM I doses ( Fig. 3c, d ). The application of exogenous SA to young tomato plants did not affect iodine content in leaves, but slightly increased its levels in shoots and roots ( Fig. 3a , Table S1 ). 
The Content of Ascorbic and Dehydroascorbic Acids and APX Activity in Leaves
The increase in ascorbate peroxidase (APX) activity was noted in tomato seedlings grown in the nutrient solution containing KI in doses of 25 and 50 μM I as well as 5-ISA in a dose of 50 μM I (Fig. 4b, c ). The highest APX activity in leaves was noted after the application of KI in 25 and 50 μM I doses, which exceeded the value noted for the control by approximately 60% (Fig. 4b ). The application of 3,5-diISA in all doses, as well as of ethanol in the control treatment, significantly decreased the APX activity in tomato leaves. The reduction of APX activity amounted to 62.8% for control + ethanol, as well as to 43.5%, 54.2%, 48.8%, and 35.9% after the application of 3,5-diISA, in 5, 10, 25, and 50 μM I doses, respectively (Fig. 4d) .
Introduction of SA into the nutrient solution did not affect the content of AA in tomato leaves (Fig. 5a ), while the application of all the tested iodine compounds reduced its level in leaves ( Fig. 5b-d) . The lowest AA content was noted after the application of KI and 3,5-diISA in 5 μM I dose as well as of 5-ISA in 5 and 10 μM I doses. When compared to control, this meant a reduction of AA content by 34.5% for KI, 42.8% for 3,5-diISA, as well as 39.5% and 34% for 5-ISA ( Fig. 5b-d) .
The dehydroascorbic acid (DHA) content in tomato leaves was almost 10 times lower than that of AA (Figs. 5, 6) . The application of all iodine compounds and SA, as well as of ethanol, caused an increase of DHA content compared to the control-except for KI applied in 50 μM I dose (Fig. 5 ). The application of SA in doses of 25 and 50 μM resulted in an almost 2.5-fold increase of DHA content in leaves (Fig. 6a ). DHA contents in plant leaves treated with KI, 5-ISA and 3,5-diISA remained at a similar level for all compounds: from 1.85 to 3.09 mg 100 g −1 f.w. for KI, from 2.05 to 2.69 mg 100 g −1 f.w. for 5-ISA, and from 2.13 to 2.74 mg 100 g −1 f.w. for 3,5-diISA ( Fig. 6b-d ). In the case of 3,5-diISA, 10, 25, and 50 μM I doses of this compound caused a significant reduction of DHA content compared to 5 μM I dose. With the application of KI in 10, 25 μM I doses, the DHA content in leaves was higher than that observed after the application of the highest and the lowest doses (50 and 5 μM I, respectively). In the case of 3,5-diISA 10, 25, 50 μM I doses of this compound significantly increased DHA content in leaves compared to the control, and the level of DHA after the highest dose (50 μM I) application was comparable to the control with ethanol. 
Catalase and Guaiacol Peroxidase Activity
The tested iodine compounds, as well as SA alone, modified the CAT activity in tomato leaves, and the effects varied depending on the dose (Fig. 7) . Compared to control, the highest decrease of CAT activity was noted in the control object with ethanol addition. Application of 5-ISA into the nutrient solution also reduced CAT activity in tomato leaves to a comparable level for all applied doses. A similar effect was noted for 3,5-diISA applied in medium and higher doses (10, 25, and 50 μM I) as well as for 10 and 25 μM I applied as KI (Fig. 7a, b, d) .
The tested iodine compounds and SA had significant impacts on the POX activity in tomato leaves; however, the range of the modifications varied depending on the compound and its concentration (Fig. 8 ). The application of 5 μM SA resulted in a 36.7% increase of POX activity in leaves, while for all higher doses (10, 25, and 50 μM), the reduction of the POX activity was observed (Fig. 8a) . The application of KI in 5, 10, and 25 μM I doses caused a significant decrease of the POX activity compared to the control with no effect noted for the highest dose of KI (50 μM I, Fig. 8b ). Similar relations were noted in the combinations with 5-ISA application (Fig. 8c ). Only the lowest dose of 3,5-diISA (5 μM I) improved the POX activity in tomato leaves, and the application of 3,5-diISA in the concentrations of 10, 25, and 50 μM I decreased the activity of this enzyme in tomato plants compared to that in the control (Fig. 8d ).
Sugar and SA Content in Leaves (Results Presented in Supplementary Materials)
The fructose content exceeded the level of glucose and sucrose in plant leaves from all tested treatments ( Figure  S1 , S2, and S3). In most cases, the applications of SA, KI, 5-ISA, and 3,5-diISA neither affected nor caused any significant reduction of fructose, glucose, and sucrose contents in leaves compared to the control. The observed effects of SA, 5-ISA, and 3,5-diISA on the content of analyzed sugars was not proportional to the increasing concentrations of the tested compounds in the nutrient solution. In the case of KI, all the tested iodine concentrations contributed to significant Table S1 in Supplementary materials decreases of fructose, glucose, and sucrose contents in leaves-with the exception of sucrose after the application of KI in 25 µM I dose.
Applications of all compounds (SA, KI, 5-ISA and 3,5-diISA, as well as control + ethanol) in all tested doses caused a significant reduction of SA content in leaves compared to control ( Figure S5 ). For SA, KI, and 5-ISA, the increasing doses of these compounds did not affect the range of SA content reduction. However, in the case of 3,5-diISA, the 
Discussion
Iodine Content in Tomato Organs and its Influence on Biomass
In the research conducted by Kiferle et al. (2013) , applications of KI and KIO 3 in iodine doses within the range of 0.5-1 mM allowed to obtain the effect of iodine biofortification of tomato fruits. At the same time, such doses were not harmful to tomato plants. Our research was conducted on tomato plants at an early stage of their growth and development, that is, in the horticultural practice, commonly used for the seedling production. Until now, the impacts of organic iodine compounds (3,5-diISA and 5-ISA) on tomato plants have not been examined in the literature analyzed by us; therefore, we applied lower iodine doses than that applied by Kiferle et al. (2013) . In addition, due to its easier uptake by plants and, consequently, higher (Caffagni et al. 2011) .
We applied SA alone as a reference compound for iodosalicylates. The obtained results confirm that iodine from iodosalicylates is indeed taken up by young tomato plants but to a smaller extent than that from KI. The research conducted by Smoleń et al. (2015) not only indicates the lack of negative effect of SA, applied together with KI and KIO 3 , on tomato plants, but also underlines its positive impact, expressed, e.g., as increase in the biomass of tomato fruits and leaves, compared to the applications of KI and KIO 3 alone. What is important, in a vast majority, the tested KI, 3,5-diISA, and 5-ISA doses did not reduce the growth and biomass of individual parts of tomato plants. The only exception was the decrease in shoot biomass after the application of 3,5-diISA in 10 and 25 µM I doses.
All examined iodine compounds caused an increase of the content of this element in roots, shoots, and leaves in proportion to their doses. Iodine introduced in the form of KI was primarily accumulated in the upper part of plantsleaves and stems-whereas in the case of the application of iodosalicylates in the root system of young tomato plants. This may prove to be a more complex mechanism of uptake and transport of organic iodine compounds from leaves to roots than the other forms of iodine ions. To a large extent, this may probably depend on the simpler structure of iodide ions in comparison with iodosalicylates, which contain an aromatic ring in their structure.
Ascorbate Metabolism in Young Tomato Plants
In a plant organism, there are antioxidant protection systems, among which non-enzymatic and enzymatic systems can be distinguished. Ascorbic acid (AA), glutathione (GSH), carotenoids, and phenolics are included in the nonenzymatic system (De Pinto and De Gara 2004) . Multiple antioxidant enzymes, such as catalase (CAT), guaiacol peroxidase (POX), ascorbate peroxidase (APX) and superoxide dismutase (SOD) are classified as elements of the enzymatic system (Iba 2002) .
The metabolism of ascorbic acid in plants is well recognized. One of the products of ascorbate oxidation is monodehydroascorbate radical (MDHA) which plays a key role in response to oxidation stress. MDHA is classified among the most effective ROS scavengers, due to low reactivity with oxygen, which prevents it from generating additional reactive oxygen forms (Smirnoff 2018 ). On the other hand, MDHA may be transformed into dehydroascorbic acid (DHA), which is a poorly stable form (Deutsch 1998) . Our research demonstrated that a reduced form of AA prevailed in the leaves of young tomato plants, which is probably related to an effective reduction process of DHA. A significant decrease of AA content was noted after the application of both inorganic and organic iodine compounds, whereas no changes were noted during the application of SA alone. At the same time, an increase of DHA content in leaves was noted in plants from all treatments, compared to control (except 50 µM I in KI form). This may prove a high level Fig. 8 Guaiacol peroxidase (POX) activity in tomato leaves after treatments with salicylic (SA) (a), potassium iodide (KI) (b), 5-iodosalicylic (5-ISA) (c), and 3,5-diiodosalicylic (3,5-diISA) (d) acids. Means followed by the same letters are not significantly different for p < 0.05. Bars indicate standard error (n = 8) of oxidation of AA to MDHA, and subsequently to DHA under the influence of the tested compounds. The research conducted by Hageman et al. (1942) on tomato plants demonstrated that high KI doses (58.85 mg KI per L) caused a significant reduction of AA content in tomato fruits. Smoleń et al. (2015) revealed an increase of AA content in tomato fruits after the applications of KI and KIO 3 and KIO 3 + SA into the nutrient solution with no effect exerted by simultaneous application of KI + SA.
A very important aspect of ascorbic acid metabolism is the activation of the hydrogen peroxide detoxification system in plant cells, through ascorbate peroxidase (APX), which is the key enzyme converting harmful H 2 O 2 to H 2 O (Caverzan et al. 2012 ). APX has a very high affinity for H 2 O 2 and may act in chloroplasts, cytosol, mitochondria, peroxisomes, as well as in apoplastic space (Sofo et al. 2015) . Our research demonstrated a significant increase of APX activity in the objects with the application of KI and 5-ISA in 25 and 50 μM doses. However, after the application of 3,5-diISA, a decrease in the activity of this enzyme was noted in all tested doses. The research previously conducted by Medrano-Macías et al. (2016b) on tomato seedlings showed a lack of impacts of inorganic iodine I − and IO 3 − forms on APX activity. On the other hand, the research conducted by Blasco et al. (2011a) on lettuce plants demonstrated an increase of APX activity in leaves after the application of IO 3 − form in 20, 40, and 80 μM doses. According to Küpper et al. (2008) , iodides are capable of capturing various ROS, and as a result of oxidation stress, molecular iodine is released for the purpose of detoxification of a plant organism. This mechanism may probably serve as the explanation for the reduction of APX activity after the application of KI in 5 and 10 μM I doses, whereas a higher APX activity after the application of this compound in 25 and 50 μM I doses may be the effect of inducing greater antioxidation stress in young tomato plants. The reduction of APX activity in the treatments with 3,5-diISA is probably connected with the activation of other protection mechanisms against ROS, or smaller antioxidation stress in comparison with other applied compounds, i.e., SA, KI, and 5-ISA.
Catalase and Guaiacol Peroxidase Activity
Catalase (CAT) is a hydrogen peroxide (H 2 O 2 ) dismutase involved in the conversion of harmful H 2 O 2 to H 2 O and O 2 (Foyer and Noctor 2005) . Guaiacol peroxidase (POX) participates in numerous physiological processes, such as synthesis of lignins and phenolic compounds and protective reaction of plants against ROS (Li et al. 2017) .
Our research showed that the applications of tested iodine compounds, as well as SA alone, may modify the activities of CAT and POX in the leaves of young tomato plants, and the effect is concentration dependent. It is considered that SA may have an inhibiting effect on CAT activity. It has been revealed that SA can bind to soluble SA-binding proteins (SABPs) with a size of 280 kDa (Chen and Klessig 1991; Chen et al. 1993 ) that converts H 2 O 2 to H 2 O and O 2 , i.e., exhibit a similar activity to CAT. Conrath et al. (1995) demonstrated that 1 mM SA, as well as its derivatives, may limit the CAT activity in tobacco plants, both in vitro and in vivo, at the same time activating protective mechanisms against pathogens (Conrath et al. 1995) . However, the effects of iododerivatives of salicylic acids such as 5-ISA and 3,5-diISA have not yet been documented. The observed reduction of CAT activity may be linked to the fact that tested organic iodine compounds are SA derivatives and therefore may have affinity for SABPs, which will participate in conversion reaction of harmful H 2 O 2 to H 2 O and O 2 instead of CAT. The research on biofortification of lettuce plants with inorganic forms of iodine such as I − and IO 3 − showed an increase of CAT activity with the highest activity noted after the application of IO 3 − in 80 μM dose (Blasco et al. 2011a ). Gupta et al. (2015) found that the treatment with IO 3 − of soybean subjected to heavy metal stress also improved CAT activity when iodine was applied in 20 and 40 µM doses. Therefore, it may be concluded that CAT activity after the introduction of iodine in a plant to a large extent depends on the chemical form of this element and plant species, including also its development stage.
The impacts of both inorganic and organic iodine compounds on POX activity are poorly recognized. In the present study, the decrease of POX activity was noted in plants treated with SA and 3,5-diISA in 10, 25, and 50 μM concentrations. In the case of 5-ISA plants, the inhibition of POX activity was noted in all concentrations, whereas after the application of KI, a significant reduction of its activity was noted for 5, 10, and 25 μM I doses. However, many scientists demonstrated in their research an increase of POX activity after treating, e.g., wheat plants (Gholamnezhad et al. 2016) , or barley leaves (Antonova Ananieva et al. 2004 ) with SA. The research conducted on tobacco plants by Durner and Klessig (1995) shows that SA does not cause a reduction of POX activity. However, the fact that SA may reduce the activity of horseradish peroxidase (HRP)-another representative of peroxidases-in tobacco plants is surprising. SA is considered to be a weak inhibitor of this class of enzymes, due to its lower affinity of peroxidases compared to guaiacol, pyrogallol, and hydroquinone (Durner and Klessig 1995) . The decrease of POX activity in our research may also be related to other reasons, such as plant species, growing conditions, or application date of the examined compounds.
In our research, ethanol was used as the solvent for the tested organic iodine compounds. The tendency of decreasing activities of APX, CAT, and POX due to the presence of that compound in the nutrient solution was noted. In natural conditions, ethanol may be produced in fruits, seeds, and root tips (Cossins and Beevers 1963) . The synthesis of this alcohol by plants is usually activated under stress conditions, and the measurement of ethanol content may be a stress indicator (Kimmerer and Kozlowski 1982) . However, in our research, no negative impact of a relatively small addition of ethyl alcohol on the growth of plants or AA and DHA content was noted.
Sugar Metabolism and SA Content in Young Tomato Plants
Increases in the contents of glucose and fructose were found in the treatment with ethanol addition compared to the basic control. This may be linked to fast ethanol metabolism in young tomato plants. The research conducted by Cossins and Beevers (1963) on the tissues of apples, potatoes, and carrots incubated in ethanol-1-C 14 demonstrated their ability to metabolize ethanol. For example, carrot tissue utilized 86% ethanol-1-C 14 within 4 h of incubation in aerobic conditions (Cossins and Beevers 1963) .
Previous research indicates that the application of inorganic iodine in the form of KI and KIO 3 may cause changes in sugar content in plants (Blasco et al. 2011b; Smoleń et al. 2015) . The I − form of iodine applied in 20, 40, and 80 μM concentrations in lettuce plants increased fructose content, while in 20 and 40 μM doses, it increased glucose accumulation in plants (Blasco et al. 2011b ). On the other hand, in the study conducted by the same research team, the IO 3 − form did not cause any changes in the sugar content in lettuce plants. Treatment of tomato plants with KI form in 7.88 μM dose caused a reduction of fructose content in fruits with no effect on the glucose accumulation in these parts of plants (Smoleń et al. 2015) . In our experiment, decreases of glucose and fructose contents in tomato leaves, after the application of all tested doses of KI, as well as of sucrose content after the application in 5, 10, and 50 μM doses, were noted. A similar tendency of decreasing glucose and sucrose contents was noted after treating plants with 3,5-diISA, whereas the reduction of fructose content was only affected by the 50 μM I dose. On the other hand, the application of 5-ISA resulted in an increase of fructose content in 50 μM I dose; however, it had no impact on the glucose and sucrose contents. The fructose content exceeded the levels of glucose and sucrose in plant leaves from all tested treatments. Glucose and fructose are substrates for production of sucrose which occurs in the cytosol (Lunn and MacRae 2003) ; therefore, a reduction in the contents of these compounds after the application of KI and iodosalicylates also results in a reduction of sucrose content.
In our research, all compounds applied in 5-50 μM concentrations caused a decrease of SA content in plant leaves; such an effect may probably be related to its metabolism to other compounds (including SA derivatives), or volatilization in the SA methylation process. Conversion of SA to MeSA in the latter process is regulated by S-adenosyl-l-methionine:salicylic acid carboxyl methyltransferase (SAMT), encoded by SAMT gene and may be induced as a protective reaction against excessive accumulation of SA in a plant (Ross et al. 1999) . The previous research demonstrated that not only the application of iodosalicylates in the form of 3,5-diISA, but also of other iodine derivatives containing aromatic ring-2-iodobenzoic (2-IBeA) and 4-iodobenzoic (4-IBeA) acids-causes an increase of SAMT gene expression, as well as probably also the process of SA volatilization in tomato plants in the vegetative phase of growth (Halka et al. 2018 ). On the other hand, 3,5-diISA may be transformed into SA sugar derivatives, as evidenced by the increase of S3H gene expression in tomato plants (Halka et al. 2018) , encoding 3-hydroxylase. The enzyme is responsible for the transformation of SA into 2,3-dihydroxybenzoic (2,3-DHBA) or 2,5-dihydroxybenzoic (2,5-DHBA) acids (Zhang et al. 2013 ).
Conclusions
Iodosalicylates-5-ISA and 3,5-diISA-are taken up by young tomato plants to a lesser extent than KI and are accumulated mainly in the root system of tomato plant seedlings. Probably due to the simpler structure, iodide is distributed on the upper parts of plants more easily than iodosalicylates, which contain an aromatic ring in their structure.
All the applied iodine compounds modified the APX, CAT, and POX activities, as well as glucose, fructose, and sucrose accumulations in tomato leaves. The observed effects strongly depended on the form and dose of the introduced compounds. The KI form, iodosalicylates, and SA alone caused a reduction of SA content in plants. This reduction may be associated with the transformation of this compound in the plant into other SA derivatives or with the SA methylation process as a protection mechanism against its excessive accumulation in a plant.
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